Cancer is a cellular disease caused by the stepwise accumulation of genetic and epigenetic alterations. 1, 2 Extensive sequencing efforts have identified recurrent genetic mutations that are useful as genetic biomarkers for assessing risk of developing cancer, classifying disease subtypes, predicting response to treatment, and monitoring efficacy of treatment. DNA methylation causes epigenetic silencing of tumor suppressor genes and is studied for both its direct implication in oncogenesis and for its utility as cancer biomarker. [3] [4] [5] In bladder and colon cancer, the combination of genetic and epigenetic analyses has been proven to have a higher diagnostic value than either of the two approaches applied separately. 6, 7 However, compared to mutation genotyping, methylation profiling is not a yes-no result. Many promoter regions contain
CpG islands, i.e. clusters of multiple CpG dinucleotides (the most common methylation site), and gene silencing mechanisms driven by promoter methylation are generally sensitive to the overall density of methylated sites. Finally, the methylation density may vary between alleles and cells within a single tumor, resulting in a heterogeneous pattern. 4, 8, 9 A variety of techniques have been developed to detect single point mutations in DNA based on amplification, 10,11 probe hybridization, 12 enzymatic digestion, 11 gel electrophoresis, 13 or sequencing. 14 DNA methylation information is lost during polymerase chain reaction (PCR) amplification, and DNA hybridization is insensitive to the methylation status of the target region.
Therefore, a methylation sensitive pretreatment of the DNA has to be employed. The main DNA methylation analysis techniques are based on methylation sensitive enzymatic digestion, affinity enrichment using antibodies specific for methylated cytosine or bisulphite conversion of unmethylated cytosine into uracil (reviewed by Laird 9 and Plongthongkum et al. 8 ). Bisulphite conversion is most widely used since a methylation event is converted into a single base alteration (C/T) that can be detected with techniques derived from mutation detection including 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 curve analysis. 15, 16 Sequencing of bisulphite-converted DNA quantifies the methylation status and allows for comparison of data from different sequencing runs and batches, but it is costly and time consuming. as the Illumina BeadChip (Illumina Inc., San Diego, CA), offer a highly multiplexed site-specific assay. However, after bisulphite conversion and amplification of the template, DNA products comprise mostly three bases (guanine, adenine, and thymine plus residues of methylated cytosine). This reduced sequence complexity makes design of probes for end-point detection complicated and the decreased sequence variation reduces specificity.
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Our work aims to perform methylation and mutation profiling simultaneously in a scalable chip platform that offers highly specific and quantitative DNA methylation and mutation data on a compact, easy-to-use, and potentially low-cost platform. Our approach is based on hybridization of magnetically labelled target DNA to DNA probes tethered to the surface of a GMR biosensor array ( Figure 1 ). The magnetic detection approach has been previously demonstrated for DNA detection [17] [18] [19] as well as immunoassays. 20 To increase the specificity of the DNA hybridization assay, we employed melting curve measurements of the surface-tethered DNA hybrids. 21 This avoids conventional assay condition optimization since the target-probe hybrids are exposed to continuously increasing stringency during melting curve measurement.
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Melting curves for surface-tethered DNA probes have been also measured using fluorescence 23 and surface plasmon resonance. 24, 25 Compared to these methods, the GMR biosensors offer high 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 sensitivity, no dependence on temperature and are insensitive to the sample matrix as virtually all biological material is non-magnetic. 20, 26 Using our technique, we analyzed melanoma cell lines with known genetic and epigenetic alterations. 27, 28 More specifically, we investigated mutations in NRAS and BRAF, which are found in 15-25% and 50-70% of melanomas, respectively. 29 In addition, we quantitatively measured the methylation status of the promoter regions of the genes encoding retinoic acid receptor β (RARB) and the receptor tyrosine kinase KIT (KIT), which are targeted by hypermethylation in 20-70% and 25-40% of melanomas, respectively. 28, 30, 31 RESULTS AND DISCUSSION
DNA Mutation analysis
To detect DNA mutations, we PCR amplified the genomic regions of interest using nondiscriminatory primers. The PCR products were then magnetically labeled using biotinylated primers and streptavidin-coated magnetic nanoparticles (MNPs). After magnetic column separation and denaturation of the double-stranded PCR products, ssDNA conjugated to MNPs (MNP-ssDNA) was introduced to the GMR biosensor array where multiple DNA probes were separately tethered to the surface of each sensor. 19 Upon hybridization of the injected MNPssDNA to surface-tethered complementary probes, GMR biosensors produced changes in sensor magnetoresistive ratio (∆MR) in proportion to the bound MNPs. 32 To genotype a mutation, we employed a set of two probes complementary to the wild type (WT) and mutant type (MT) sequences of the sample (supplementary information Tabel S1). During hybridization at low stringency, amplicons hybridized to both WT and MT probes with similar affinity. To obtain single base specificity, stringent washing is typically used after hybridization in DNA microarray. To achieve a more flexible system for detection of single-base mutations, we hour of hybridization, the MT probe gave a slightly higher ∆MR signal than the WT probe, indicating that low-stringency hybridization was insufficient to genotype the WT sample. The positive reference signal reached a higher level than the hybridization probes due to the faster kinetics of the biotin-streptavidin interaction compared to hybridization. After hybridization, the unbound sample was removed by a low-temperature wash at low stringency. Then, the temperature of the sensor was ramped at constant rate from 20 °C until all DNA hybrids melted at 65 °C (Figure 2a ). The signal (∆MR) from GMR biosensors was corrected for its temperature dependence during ramping using the sensor resistance (R), which is linearly related to the sensor temperature. Figure 2b shows the melting curve of WT BRAF amplicons hybridized to WT and MT probes for the c.1391G>A mutation. Here, the ∆MR signal was normalized by the initial signal at T=20 °C. We defined the melting temperature T m as the temperature at which the signal (∆MR) dropped to the half of its initial signal (at 20 °C). Each melting experiment was repeated with two identical GMR biosensor chips. Three sensors were functionalized with each probe, thus generating up to six identical melting curves for each probe. The obtained melting curves were found to be highly reproducible -both from sensor to sensor and from chip to chip. The hybrids of the target DNA with WT and MT probes in Figure 2b showed melting temperatures of WT target and MT probe using a nearest neighbor calculation. 33 We also note that the lower standard deviation of ∆T m compared to T m indicates that differences in melting temperatures were more reproducible than their absolute values. Figure 2c shows melting curves measured for a cell line heterozygous for the BRAF c.1391G>A mutation. 27 The melting curves from WT and MT probes were found to overlap each other, resulting in ∆T m =−0.6(4) °C because the heterozygous sample contains both MT and WT targets, which hybridize to both WT and MT probes. The resulting melting curves from WT and MT probes were both given by the contribution of low-T m and high-T m DNA hybrids. Therefore, the melting curves overlapped and presented a lower slope.
DNA methylation analysis
We applied a similar detection scheme to analyze the methylation state of specific regions of the target. We employed bisulphite treatment of the genomic DNA ( Figure 3a ) to convert a methylation event into a single base substitution (C>T). After bisulphite conversion, we amplified the gene promoter region of interest by non-discriminatory PCR.
Figures 3b and c show melting curves to estimate methylation status of the KIT promoter (site p1) of hypermethylated (EST045) and wild-type (EST164) cell line. 28 The amplicons were Melting curves were measured as described previously. Here, ∆T m was defined as the melting temperature of the M probe minus that of the U probe, ∆T m = T m (M) − T m (U). Thus, a negative ∆T m indicates a higher complementarity of the target to the U probe and a lower degree of methylation. The ~20 bp region of the KIT promoter investigated includes three CpG sites that can be methylated (sequences in supplementary information Table S1 ), and thus we expect higher ∆T m than for single base substitution. For the hyper-methylated cell line in Figure 3b , we found ∆T m =8.1(1) °C, confirming the hyper-methylation status of the KIT promoter, whereas we found ∆T m =−11.7(7) °C for the WT cell line in Figure 3c , indicating the unmethylated status.
Multiplex DNA profiling of melanoma cell lines
The GMR biosensor array comprises of 64 individual sensors that can be individually functionalized with amino-modified DNA probes. Using the mutation and methylation detection techniques described above, we simultaneously probed three mutation sites in BRAF, two mutation sites in NRAS, two methylation sites in the KIT promoter, and two methylation sites in the RARB promoter in triplicate. We performed mutation and methylation profiling of seven melanoma cell lines. For each cell line, the targeted regions of BRAF and of NRAS were amplified by non-discriminatory PCR. Also, the promoter regions of KIT and RARB were amplified by non-discriminatory PCR after bisulphite conversion. After magnetic labeling, a mixture of all amplicons from a cell line was injected over the sensor surface. For each cell line, melting curve profiling was repeated with two nominally identical GMR biosensor arrays. The melting curves were analyzed in terms of melting temperatures, and we determined ∆T m for all investigated mutations and methylation. and homozygous MT (∆T m > 2 °C) resulted in the mutation map presented in Figure 4c . All mutations identified in the cell lines were consistent with previous genotyping data. 27 For the NRAS c.182 A>T mutation in the cell line EST045, we measured ∆T m =−0.2(4) °C, genotyping the cell line as heterozygous for this mutation; however, the cell line is known to be heterozygous for an A>G substitution in that location (see supplementary Figure S2 ). As an MT probe targeting an A>T mutation was employed, both the WT and MT probes were similarly mismatched to the target, resulting in ∆T m close to zero. The absolute values of T m in supplementary Figure S2 were comparable to the other investigated mismatched probes confirming the mismatch of the target to both the WT and MT probes. Therefore, an unknown mutation can be detected by a lower T m from the WT probe, but probes targeting all possible mutations should be included in the assay to perform accurate genotyping.
DNA methylation density
Methylation profiling differs substantially from genotyping since the methylation status of each CpG site in the promoter region varies between alleles and within a cell population.
Therefore, it requires a different data analysis in terms of methylated fraction of the sample 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 DNA. We measured melting curves using surface-tethered probes targeting two locations of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 These results demonstrate the application of temperature melting on a GMR biosensor as a semi-quantitative method for profiling methylation density. High-throughput profiling of genome wide methylation can be performed with single-base resolution using array-based methods like
Illumina BeadChips but the specificity of such arrays is limited by lower sequence variability of bisulphite converted DNA. 8,9 A quantification of the overall methylation density of a gene promoter can be obtained with methylation-specific melting curve analysis. 15, 16 Here, we combined the throughput and scalability of arrays with the specificity and flexibility of melting curve analysis. The obtained quantitative profiling was equivalent to the results of pyrosequencing.
CONCLUSION
We have presented an approach for simultaneous DNA mutation and methylation profiling.
Our method combines the widespread DNA microarray techniques for both mutation and methylation analysis in a single platform. Melting curves measurements are used to increase the specificity of mutation detection. For methylation detection, the melting curve quantifies the methylation state at a level equivalent to pyrosequencing. The same technique could potentially be employed on a variety of other platforms capable of masuring DNA hybridization vs.
temperature.
The GMR biosensor platform has a low cross-sensitivity to temperature and provides a sensitive readout. Although it does not offer the extreme throughput as advanced bead microarray systems (e.g.: Illumina), in its present format, the GMR biosensor platform can be used for the simultaneous triplicate investigation of about 20 mutation and methylation sites. The PCR primers for this study have been modified from Dahl et al. 27, 28 and were obtained from DNA Technology A/S, Denmark. The sequences can be found in the supplementary material Table S2 . The amine modified DNA probes (sequences in supplementary material Table S1) were matched for melting temperature calculated with nearest-neighbor model. 33 The probes 
DNA extraction and bisulphite treatment. Genomic DNA was isolated using the Qiagen
AllPrep DNA/RNA/Protein Mini kit (Qiagen GmbH, Hilden, Germany) and quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Bisulphite Tween 20 and 1 mL of 0.1% BSA containing 0.05% Tween 20, sequentially. After the conjugation with magnetic particles, the five PCR products were mixed and added to the column under an applied magnetic field for separation. While the target DNA-bead complexes were trapped in the column, the reverse strands were denatured and removed by adding 2 mL of 6 M Urea solution at 75 °C. Then, the applied magnetic field was removed, and the conjugated complexes were eluted with 100 µL of 2× SSC buffer.
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